• Ladderane size and cold exposure affected anammox activation energy (Ea). 20
• Marine "Ca. Scalindua" was exceptionally suitable for cold streams. 23
• Anammox Ea at 15-30 °C was 79±18 kJ.mol -1 . 24 25 1 Introduction 54 Anaerobic ammonium oxidation (anammox) is an established microbial process for nitrogen 55 removal from reject water (side streams) from sludge digestion and other nitrogen-rich and warm 56 wastewaters. Compared to nitrification-denitrification, it does not require any exogenous organic 57 carbon consumption and produces by up to 80% less excess sludge due to the autotrophic nature 58 of anammox microorganisms. Because just 57% of the ammonium is oxidized to nitrite only, the 59 combination of anammox with partial nitritation saves more than 50% in aeration energy and 60 aeration system capacity (Daigger 2014 ). According to 61 , Bowden et al. (2015) and our own research, this technology has been 62 implemented at over 150 full-scale anammox installations world-wide for the treatment of 63 concentrated side streams, making side-stream anammox an established technology. At these 64 installations, the parameters beneficial for the anammox process are high temperatures 30-37 °C 65 and high concentrations of hundreds of mg of ammonium nitrogen per liter. A decrease in these 66 process parameters unfavorably impacts process efficiency . At 30-37 °C 67 and an order of magnitude lower ammonium nitrogen, anammox has been reported to 68 spontaneously occur in the more diluted main stream of municipal wastewater treatment plants 69 (Cao et al. 2017a ). This indicated that even a low ammonium concentration is not a bottleneck. 70
In nature, anammox bacteria were detected in both marine and freshwater mesophilic (25-38 °C) 71 and psychrophilic (10-25 °C) ecosystems ( will reduce operational and capital expenses (i.e., capacity of aeration system) for the removal of 78 nitrogen from colder mainstream WWTPs and enable a more complete utilization of organic 79 carbon in wastewater, e.g., for energy generation (Hejnic et al. 2016 ). Specifically, the low activity 80 is cumbersome in psychrophilic main-stream reactors inoculated with mesophilic anammox 81 cultures (Cao et al. 2017b ). Per recent evidence, anammox can overcome cold stress and 82 improve activity at low temperatures. This can result from gradual acclimation (De Cocker et al. 83 2018), enrichment of cold-adapted species (Hendrickx et al. 2014) or cold shocks (Kouba et al. 84 2017) . 85
Nonetheless, the following questions still waits to be answered. The activity of anammox cultures 86 as a function of temperature has yet to be reported in sufficient detail, such as for anammox 87 genera other than "Candidatus Brocadia" and biomasses operated for the long-term in 88 psychrophilic regime. In the few studies available, the effect of temperature on the activity of 89 anammox cultures has been assessed using only a single genus ("Ca. Brocadia"), and biomass 90 from either few mesophilic side-stream reactors or marine environments (Zhou 91 et al. 2017) . A proteomic study by has suggested that low temperatures do affect 92 "Ca. Kuenenia" and "Ca. Jettenia" more strongly than "Ca. Brocadia". Some other recent studies 93 have associated anammox cold adaptation with an increased anammox activity and a shift in affected by temperature differently than mesophilic cultures, since they will be dominated by cold-98 adapted microbial species, or by different species altogether. However, as the psychrophilic 99 cultures have been made available only recently, they have never been characterized to sufficient 100 detail. Specifically, correlations between anammox activities (in terms of absolute activities and 101 activation energies) and long-term cultivation temperature and microbial community structure are 102 yet to be addressed in a comprehensive survey. 103
One of the hypothetical mechanisms responsible for anammox adaptation to cold stress is the 104 altered composition of ladderane phospholipids. Ladderanes are unique to anammox, likely 105 reducing the diffusion of protons from anammoxosome organelle, thus enabling the slow 106 anammox reaction ). They consist of three or five concatenated cyclobutene 107 rings bound to a polar head group by an ester or ether bond (Sinninghe Damsté et al. 2002) . 108
Generally, cold-adapted bacteria tend to synthesize more branched, unsaturated and shorter fatty 109 acid phospholipids, so that their cytoplasmic membrane remains fluid, thus maintaining function 110 of membrane proteins (Beales 2004) . Only one single study on ladderanes in cold anammox 111 bacteria has been published, suggesting that anammox cultivated at lower temperatures had 112 contained more C18 than C20 ladderanes (Rattray et al. (2010) . Their study also reported the 113 ladderane composition of anammox cultures from multiple environments and WWTPs. However, 114 correlating ladderane composition to culture activity as a function of temperature has yet to be 115
investigated. 116
This study assessed the effect of temperature (10, 15, 20, 25, 30 °C) on the activity of 14 117 anammox biomasses originating from a representative set of full-scale reactors, pilot-and lab-118 scale models and highly enriched lab-scale cultures. The activities and activation energies were 119 correlated with ladderane content, dominant anammox populations, cultivation temperature 120 regime and relevant process conditions (i.e., one-or two-stage PN/A, cultivation of anammox in 121 granules/flocs/carriers/free cells). Collectively, our findings identified the most suitable inocula 122 and process conditions applicable for side-and mainstream anammox. They provide essential 123 insights for process acclimation under various temperature regimes. While suggesting 124 mechanisms anammox bacteria use to adapt to low temperature, the activation energies 125 measured can sustain integration into mathematical models for process anticipation. 126 The batch experiments were initiated by transferring anammox biomass to two reactors with a 137 working volume of 1 L. The anammox biomass amount was set so that the duration of test at 30 138 °C was at least 45 min to allow for collection of a minimum of 4-5 samples, and the resulting 139 biomass content was kept consistent during all temperature tests. The biomass in vessels was 140 gently mixed by magnetic stirrers Heidolph MR Hei-Mix L at 250 rpm. To maintain vessel 141 temperature at 5, 10, 15, 20, 25 or 30 °C, the vessels were cooled or heated using thermostats 142 Julabo F12 (Julabo GmbH, Germany). Anoxic conditions were maintained by a gentle flushing of 143 the headspace with dinitrogen gas (grade 4.0) at 50-200 mL.min -1 . After the suitable temperature 144 was established, pH was adjusted to 7.40±0.05 by 0.05 mol.L -1 HCl and NaOH. Then, NaNO2 and 145
NH4Cl dissolved in 5-10 mL of tap water was dosed to both reactors, so that each assay started 146 at 40 mg-N.L -1 of nitrite and at least 40 mg-N.L -1 of ammonium. The tests were done in duplicates, 147 achieving a relative average deviation of 9.3±8.2%. 148
Regular sampling of batch reactors was carried out to analyse total ammonium nitrogen (TAN) as 149 the sum of N-NH3 and N-NH4 + , N-NO3 -, N-NO2 -, and to measure suspended and total solids 150 concentration according to APHA (2005) . The anammox activity was determined as a sum of 151 nitrite and ammonium nitrogen removal rate, each calculated as a linear slope of nitrogen 152 concentration development during respective batch tests. To avoid error due to changing affinity 153 to substrate, only concentrations in the linear range were included. 154
The contribution of denitrification to nitrogen removal was calculated as the removal rate of nitrite 155 higher than according to the anammox stoichiometry given by . 156
To evaluate the effect of temperature on anammox activity, the activities were normalized to 30 157 °C. The activation energies were calculated according to the Arrhenius' empirical model and its 158 linearized version (equations 1 and 2), where k is the ratio of anammox activities at the lower 159 (numerator) and higher (denominator) compared temperatures, ln is the natural logarithm, A is a 160 constant pre-exponential factor, Ea is the activation energy (J.mol -1 ), R is the ideal gas constant 161 (J.mol. -1 .K -1 ) and T is the thermodynamic temperature (K). The data were linearized using 162 equation 2, yielding either one or two Ea. Two Ea were chosen when the resulting correlation 163 coefficient 
Ladderane analysis 177
We used U-HPLC-HRMS/MS which is exceptionally sensitive and provided insight into the 178 number of carbon atoms of these lipids. Per Rattray et al. (2008) , the polar headgroup ionization 179 differs substantially, so the results can be characterized only qualitatively. 180
Reagents and chemicals 181
Deionized water was obtained from a Milli-Q® Integral system supplied by Merck (Darmstadt, 182 Germany). HPLC-grade methanol, isopropyl alcohol, formic acid and ammonium formate (purity 183 ≥ 99 %) were purchased from Sigma-Aldrich (St. Luis, MO, USA). 184
Sample preparation 185
To extract ladderane phospholipids, a mixture of MeOH:DCM:10 mM ammonium acetate (2:1:0.8, 186 v/v/v) was chosen according to Lanekoff & Karlsson (2010) . Lyophilized anammox cultures were 187 weighted (0.2 g) into a plastic cuvette and automatically shaken for 2 min with 2 mL of extraction 188 solvent. The suspensions were sonicated for 10 min, centrifuged (5 min, 10000 rpm, 5 °C). Finally, 189 1 mL of supernatant was transferred into the vial before further analysis by ultra-high performance 190
liquid chromatography coupled to high-resolution tandem mass spectrometry (U-HPLC-191 HRMS/MS). The following elution gradient was used in positive ionization mode: 0.0 min (90% A; 203 0.40 mL min-1), 2.0 min (50% A; 0.40 mL min -1 ), 7.0 min (20% A; 0.40 mL min -1 ), 13.0 min (0% 204 A; 0.40 mL min -1 ), 20.0 min (0% A; 0.40 mL min -1 ), 20.1 min (95% A; 0.40 mL min -1 ), 22.0 min 205 (90% A; 0.40 mL min -1 ). 206
The sample injection volume was set at 2 μL, the column temperature was kept constant at 60 °C 207 and autosampler temperature was permanently set at 5 °C. A quadrupole-time-of-flight 208
TripleTOF® 6600 mass spectrometer (SCIEX, Concord, ON, Canada) was used. The ion source 209 Duo Spray™ with separated ESI ion source and atmospheric-pressure chemical ionization (APCI) 210 was employed. In the positive ESI mode, the source parameters were set to: nebulizing gas 211 pressure: 55 psi; drying gas pressure: 55 psi; curtain gas 35 psi, capillary voltage: +4500 V, 212 temperature: 500 °C and declustering potential: The main anammox genera detected across the lab-scale, pilot, and full-scale biomasses by 220 amplicon sequencing were "Ca. Brocadia" (1 -50%), "Ca. Scalindua" (0 -11%) and "Ca. 221
Kuenenia" (0 -76%) ( Fig. 1 ). Small relative abundances of "Ca. Anammoxomicrobium" were 222 detected in several samples, less than 0.08% of relative abundance normalized to all bacteria 223 OTU. Aside from the two enrichments ("Ca. Scalindua", "Ca. Kuenenia"), "Ca. Brocadia" was the 224 dominant anammox genus in all biomasses. Total anammox sequencing read counts relative to 225 total bacteria varied from 1 -78%. Detailed results of amplicon sequencing are described in 226 supporting materials (Table S 1 Kuenenia" enrichments, these three mesophilic cultures (Rotterdam, Strass, Malmö) were also 250 most active at 10 °C. Among psychrophilic cultures, the most active at 10 °C were the enrichment 251 of "Ca. Scalindua", followed by Lemay (0.031 kg-N.kg-VSS -1 .d -1 ), Dübendorf1 (0.024 kg-N.kg-252 VSS -1 .d -1 ) and Dübendorf2 (0.019 kg-N.kg-VSS -1 .d -1 ). 253
To describe the effect of temperature on anammox biomasses, the activities were normalized at 254 30 °C and Ea was determined as a temperature coefficient for each culture (Table 2) . At 15-30 255 °C, all anammox cultures were characterized by a similar Ea of 79±19 kJ.mol -1 . All but one 256 psychrophilic culture could be described by a single Ea over the range from 10-30 °C, similar to 257 some mesophilic ones (enrichments "Ca. Kuenenia" and "Ca. Brocadia", and biomass 258 Plettenberg). Other mesophilic cultures were affected by temperature at 10-15 °C more severely 259 (Table 2) . Tilburg could only be described by a separate Ea for each of the four temperature 260 intervals. Alternately, Tilburg and also some other cultures (e.g., Strass, Malmö) could be more 261 accurately described by a quadratic function (Fig. S 1) . 262 (Fig. 5 ). Psychrophilic cultures had been operated under this regime for 8 296 months to 5 years. Across this timeframe, the operation length seemed neither to affect the 297 anammox activation energy from 10 to 30 °C nor the activity from 10 to 20 °C. Thus, within these 298 ranges, exposure to psychrophilic conditions for tens of months seems to be sufficient for inducing 299 such adaptive response. 300
In terms of absolute activity at 10-15 °C, mixed cultures operated in the psychrophilic regime (not 301 "Ca. Scalindua" enrichment) were not the most active (Fig. 3) 
Implications for mathematical modelling of anammox activation energies 311
Most authors view 15 °C as a breaking point under which anammox bacteria may be more 312 negatively affected by temperature (Cao et al. 2017b ). This can be interpreted as if the effect of 313 temperature on anammox activity as expressed by activation energy (Ea) is consistent throughout 314 two ranges: 10-15 °C (hereafter referred to as Ea10-15) and 15-30 °C (Ea15-30). We show that 315 this was true only for some mesophilic cultures. Therefore, to assume a single Ea10-15 for all 316 mesophilic cultures is short sighted. For modelling purposes, Ea10-15 specific to the anammox 317 biomass used should be obtained experimentally. However, almost all psychrophilic anammox 318 cultures in this study could be described by a single activation energy for the whole range from 319 10 to 30 °C (Table 2) , showing that there is no intrinsic difference in temperature response below 320 15 °C. 321
In our experiments at 15-30 °C, the anammox cultures had an activation energy 322 of 79±18 kJ.mol -1 (average±standard deviation), which was identical to the average value 323 79±31 kJ.mol -1 calculated from the literature data (Table 2 ). In comparison, the standard activation 324 energy for nitrification is similar 70 kJ.mol -1 . The activation energy range of 325 mesophilic cultures at 10-15 °C was 71-360 kJ.mol -1 . 326 4.3 Anammox performance of various genera: potential of marine "Ca. Scalindua" 327
The marine enrichment of "Ca. Scalindua" displayed the highest specific anammox activity at 10-328 20 °C. This was shown only in activities expressed per g-VSS (Fig. 3 ). In the literature, "Ca. 329
Scalindua" is an organism that has mainly been recovered from marine environments (Cai et al. 330 2019, ). We detected "Ca. Scalindua" also in biomasses treating supposedly 331 less saline pre-treated sewage and reject water, but in relatively lower abundance compared to 332 other genera, and those biomasses were not as active as the marine one. This study is the first 333 to highlight such exceptional metabolic performance under 10-20 °C. Thus, we indicate that 334 implementation of "Ca. Scalindua" to N-removal processes treating cold marine streams, and 335 potentially cold streams in general, can be extremely beneficial. This should be considered when 336 choosing appropriate inoculum and reactor design, however challenging. 337
The exceptional performance of "Ca. Scalindua" under low temperatures raises inquiry into their 338 membrane physiology. As described in more detail in Kouba In our study, the crucial membrane features correlating to anammox activation energies at 10-30 375 °C were (i) the length of [3]-ladderanes and (ii) polar headgroup size. First, anammox cultures 376 with higher content of C18 compared to C20 [3]-ladderanes chains had lower activation energy 377 at 15-30 °C (Fig. 6) . Interestingly, this did not appear to involve ladderanes with five concatenated 378 cyclobutane rings, and not only ladderane esters as in Rattray et al. (2010) , but also ethers. 379
Second, in mixed cultures dominated by "Ca. Brocadia", those with lower activation energy at 10-380 15 °C contained more phosphatidylcholine and less phosphatidylglycerol (Fig. 6 ). As choline is 381 larger than glycerol or ethanolamine, it is thought to introduce additional disruption into membrane 382 lipid packing . Similarly, a larger polar phospholipid head group has been 383 shown to maintain membrane fluidity in barophilic bacteria . Overall, we 384 provide the first evidence on the correlation between ladderane phospholipid composition and 385 anammox activity. 386
Further, we detected higher content of monoalkyl ether phospholipids in cultures with higher 387 activation energy at 10-15 °C (Fig. S 2) . However, monoalkyl ether phospholipids and monoether 388 could be not only one of the final membrane building blocks, but also perhaps an intermediate of 389 lipid biosynthesis, or a by-product of cell lysis. Importantly, hydrocarbons and polar head attached 390 to the glycerol backbone can be cleaved off by a phospholipase enzyme . 391
Anammox cultures are known to contain triterpenoids such as various bacteriohopanoids (Rush 392 et al. 2014 ) and squalene (Rattray et al. 2008) , and these were suggested to play a role in 393 maintaining membrane fluidity (Boumann et al. 2009 ). In contrast to ladderane lipids, these 394 triterpenoids are not exclusively synthesized by anammox bacteria, so we analysed them only in 395 highly enriched cultures, detecting bacteriohopanetetrol cyclitol ether, bacteriohopanetetrol and 396 squalene in enrichments of "Ca. Scalindua", "Ca. Brocadia", and "Ca. Kuenenia". Their signal 397 intensity was correlated to activation energy at 10-30 °C, suggesting that their abundance may 398 also contribute to maintaining anammox membrane fluidity at low temperatures. 399
The importance of shorter ladderane ethers, not only esters, suggests that future studies on 400 anammox adaptation to different temperatures should not restrict their focus to any particular 401 ladderane group. Rather, we advise a thorough assessment of the whole ladderane content, 402
including ether-bound ladderane alkyl moieties. 403
Biomass growth mode and PN/A configuration 404
In all cultures, the biomass growth mode did not seem to correlate with anammox performance, 405 with one exception. Free-cell anammox cultures consistently exhibited the highest maximum 406 specific activity at 25-30 °C (Fig. S 2) . This is probably due to the fact that planktonic cultures 407 contain fewer non-anammox populations and less inactive organic matter (e.g. extracellular 408 polymeric substances), both of which make them more active overall. 409
In the mixed psychrophilic cultures, the Lemay biomass (AnoxKaldnes K5 carriers) was six-fold 410 more active than in the Xi'an (MBBR, main-stream) and Eisenhüttenstadt (granules/flocs, side-411 stream) cultures. We suspect that these less active cultures were exposed to more organic carbon 412 in the municipal wastewater and flocculating agent, respectively. Thus, we hypothesize that their 413 lower anammox activity may be due to stronger competition for nitrite from denitrifiers and that 414 biomass growth mode may not have been the main factor. Nevertheless, certain biomass growth 415 mode properties, such as biofilm depth, may impact substrate or toxin uptake rate, thereby 416 affecting anammox performance. to oxygen inhibition, and that the mechanism for maintaining homeostasis under oxygen inhibition 420 may also alleviate cold stress. In this study, we did not detect a correlation between one or two-421 stage PN/A operation and anammox cultures performance at low temperature. their high temperature optima may be related to other factors, such as even lower cultivation 432 temperatures (<10 °C, freeze-thaw cycles), or specific ladderane composition. 433
Conclusions 434
We have shown that, irrespective of the multiple conditions tested, the performance of anammox 435 bacteria was crucially affected by both lipid composition and long-term exposition to low 436 temperature. Most importantly, as anammox performance at low temperatures closely correlated 437 with ladderane size and bacteriohopanoid abundance, these anammox membrane components 438 proved to be key aspects of cold anammox physiology. Furthermore, long-term operation under 439 psychrophilic conditions, while not always necessarily enhancing absolute activity, consistently 440 improved the anammox temperature coefficient at 10-15 °C (85±49 kJ.mol -1 , median±standard 441 deviation). The activation energies of mesophilic cultures at 10-15 °C are highly diverse (160±95 442 kJ.mol -1 ), stressing the need for individual assessment of such cultures when modelling their 443 activity. In addition, we showed the exceptional performance of a cold-adapted enrichment of 444 marine "Ca. Scalindua", highlighting its potential for nitrogen removal from cold and more saline 445 streams, which is crucial when choosing the most appropriate inoculum and reactor set-up. 
